Propargylic amines are important multifunctional building blocks that are frequently exploited in the synthesis of privileged heterocyclic entities. Herein we report on a novel flow process that achieves the safe and effective on-demand synthesis of propargylic amines in a telescoped manner. This process minimizes exposure to hazardous azide intermediates and renders a streamlined route into these building blocks. The value of this approach is demonstrated by the rapid generation of a small selection of drug-like thiazolines that result from a high-yielding reaction cascade between propargylic amines with different aryl isothiocyanates.
Introduction
As modern drug development programs continue to rely on suitably functionalized molecular building blocks, efforts towards their effective preparation remain a challenge at the forefront of modern synthetic chemistry. Oftentimes however, such key building blocks may not be readily available or cannot be stored for long periods of time due to unavoidable degradation, making on-demand synthesis the only option for synthetic chemists. Propargylic amines [1] represent such a distinct class of important building blocks that are invaluable for accessing various nitrogen-containing entities with widespread applications in the synthesis of bioactive structures. As a consequence, propargylic amines have recently featured prominently as key components in contemporary syntheses of pyridines [2] , imidazoles [3] and oxazolines [4] (Scheme 1). Amongst the synthetic methods available for preparing secondary propargylic amines 1, the classical metal-catalyzed three-component reaction between amines, alkynes and aldehydes stands out as the most widely utilized protocol [5] [6] [7] [8] [9] [10] . Further options include the amination of allenes [11] , the decarboxylative coupling of amines with alkyne carboxylic acids in the presence of formaldehyde [12] , the copper-catalyzed coupling of aryl boronic acids with ammonia and propargylic halides [13] or the rhenium-catalyzed direct substitution of activated propargylic alcohols [14] . In contrast, the synthesis of primary propargylic amines 2 typically requires a stepwise and therefore more cumbersome approach that cannot be performed in a single-pot fashion. Therefore, the stepwise conversion of propargylic alcohols 4 via the activation and subsequent displacement of the hydroxy group with a suitable nitrogen nucleophile is typically required. Commonly, azide is the preferred nucleophile that subsequently must be converted into the desired amine functionality by suitable reduction processes (Scheme 2). To support an ongoing synthesis program, we required a robust and scalable route towards a variety of different propargylic amines 2 bearing different aryl-substituents. In view of potential safety concerns that might manifest during reaction scale-up, we opted to develop a continuous flow protocol that would not only enable and streamline the assembly and delivery of these entities, but also mitigate any safety concerns associated with the introduction and subsequent reduction of the azide functionality. The latter is commonly accomplished under Staudinger reduction conditions releasing stoichiometric amounts of nitrogen gas in the process. Thus, we aimed at developing a telescoped process that would allow performing these two steps in a continuous flow reactor [15] [16] [17] [18] [19] [20] [21] [22] to conveniently and safely [23] deliver a small selection of these propargylic amines on multi-gram scale.
Results
As outlined in Scheme 2, propargylic alcohols were identified as suitable starting materials for the telescoped flow synthesis of the corresponding amine structures. The synthesis of a small selection of propargylic alcohols 4a-e was readily accomplished in batch mode using typical Sonogashira coupling conditions between aryl iodides 6 and propargyl alcohol (7) giving gram quantities of the desired entities (Scheme 3). As no difference was noted between performing this reaction at small (1 mmol) or larger scale (20 mmol), no further optimization was required. Having established a rapid entry into the desired substrates 4, we turned our attention to their conversion into the propargylic amine targets in flow mode. As mentioned earlier, this was driven by the desire to streamline the synthesis effort avoiding time consuming isolation and purification stages for the potentially hazardous azide intermediate 5 as well as the release of nitrogen gas during the Staudinger reduction step, that could lead to a dangerous run-away process. To accomplish this, we opted to utilize diphenylphosphoryl azide (8, DPPA) as a readily available and bench stable azide donor that we [24] and others [25, 26] had exploited previously in flow-based azide transformations. This rendered the opportunity to subsequently treat the resulting propargylic azide with triphenylphosphine in a suitable solvent system to affect the formation of the desired propargylic amines via a telescoped Staudinger reduction [27] sequence (Scheme 4). As depicted in Scheme 4, we designed a flow process utilizing a Vapourtec R-series system that combines a solution of DPPA (8, THF, 2 M, 2 equiv., stream A) via a T-piece with a second stream containing the substrate (4, THF, 1 M, 1 equiv.) and DBU (1.3 equiv.) as a base that we had found to efficiently promote this transformation. The resulting mixture was then directed into a heated flow coil reactor (10 mL, PFA, 1/16 i.d.) and collected after passing a back-pressure regulator (75 psi).
During an initial optimization study 1 H-NMR analysis of the resulting reaction mixture revealed that elevated temperature (60 • C) in combination with residence times of 30 min were optimal to reach full conversion of 4 to the desired azide products 5 that are isolable entities. It was furthermore found that using an excess of DPPA (2 equiv.) was required to reliably achieve this transformation in a short period of time. Using these conditions allowed to generate the desired azide products (5a-c) in good isolated yields also permitting their full spectroscopic characterization (see Supplementary Materials for full details). Furthermore, on small scale (1 mmol) this flow process was successfully coupled with in-line scavenging of by-products and spent reagents by placing a mixed bed of sulfonic acid resin (Amberlyst A15) and an immobilized tertiary amine base (Amberlyst A21) in an Omnifit glass column (15 cm length, 1 cm i.d., containing~3 equiv. of each species) to yield a mixture of the desired azide product and residual DPPA that could either be purified using column chromatography or directed into the subsequent Staudinger reduction process (vide infra) [28] .
Subsequent batch test reactions for the desired Staudinger reduction of intermediates 5 had indicated that the transient iminophosphorane species 9 along with nitrogen gas is readily formed upon treatment of the azide intermediate with triphenylphosphine (10, 1.3 equiv. in THF). Furthermore, the hydrolysis of the iminophosphorane turned out to be a facile process yielding the desired propargylic amines upon addition of water (10% by volume) to this reaction mixture.
To translate these preliminary results into a telescoped flow process, we expanded on the original set-up by mixing the azide stream with a solution of triphenylphosphine (90:10 THF/water, 2.0 equiv., Scheme 5). To match the effective concentration of the azide intermediate 5 in the initial reaction stream and mitigate any dispersion-related problems a slight excess of the triphenylphosphine reagent (1.5 equiv.) was used [29] . The resulting reaction mixture was directed through two additional flow coils (PFA, 10 mL volume each) maintained at 60 • C (residence time: 33 min) before passing a back-pressure regulator (75 psi) and collection in a flask. Due to the continuous process and the related generation and removal of nitrogen gas as a by-product, no build-up of pressure was noted as this gaseous by-product was steadily removed in the course of the reaction. This highlights how flow processing circumvents the need for additional safety and process control measures and allows for directly scaling this sequence without recourse for further adaptations. At this stage the desired amine products 2a-e were isolated after extractive acid-base work-up in good yields and excellent purity as listed in Scheme 5. To further expand on this telescoped process and in view of effectively separating the desired amine product from residual DPPA, we opted to incorporate the acid-base extraction process within the flow sequence. This also addresses safety concerns regarding the co-isolation of larger quantities of unreacted DPPA when transitioning from small (1 mmol) to larger scale (5 to >10 mmol) operations. To this end an additional HPLC pump was used to deliver a stream of aqueous acid (HCl, 1 M, 0.6 mL/min) that was mixed via a T-piece with the crude mixture from the azidation/Staudinger reduction sequence.
After collection of the resulting biphasic mixture in a separating funnel, the desired propargylic amine products were again obtained in pure form upon neutralization and back-extraction into either DCM or EtOAc. Although the mixing in a conventional T-piece aided in emulsifying and consequently protonating the propargylic amine species, it was found that THF as reaction solvent led to slow phase separation and thus potential loss of product (around 10-15%). A quick reevaluation of suitable solvent alternatives revealed that 2-methyltetrahydrofuran (2-MeTHF) could effectively replace THF as it resulted in faster phase separation. Additionally, this solvent swap would be attractive as 2-MeTHF is reportedly more stable towards acids, whilst being both bioderived and biodegradable [30] [31] [32] . The final flow process (Scheme 6) thus used 2-MeTHF as sole organic solvent and allowed the effective generation of the desired propargylic amines as well as in-line separation from by-products and excess azide donor (DPPA).
To exploit our effective route into different aryl-propargyl amines and demonstrate the value of the flow process developed to generate these materials on-demand, we studied their reaction with different isothiocyanates 11. Such a process was expected to yield valuable heterocyclic derivatives via intermediate thiourea adducts 12 that would cyclize in an acid-catalyzed reaction cascade. This sequence is interesting as it allows direct access to either thiazoline or thiazole derivatives 13 or 14 as reported in the literature [33] [34] [35] [36] [37] . We were specifically interested in selectively generating thiazoline species as these provide an exocyclic alkene that can serve as a handle for accessing highly functionalized derivatives ( Figure 1 ). Encouraged by these results we opted to verify the provisional structural assignment of our products as being thiazolines bearing an exocyclic alkene. This was warranted as conventional spectroscopic techniques were not allowing for an unambiguous assignment and literature precedent was not clear. We thus used single crystal diffraction experiments to prove that the expected thiazolines had indeed formed. Importantly, this allowed to demonstrate that thiazoline products were obtained in all cases independent whether a base was employed during the work-up as summarized in Figure 2 . These results furthermore confirm the Z-configuration of the alkene and demonstrate that the thiazoline tautomer is favored over the aromatic thiazole structure, highlighting the relevance of an extended π-conjugated system over the aromaticity of the alternative thiazole heterocycle.
Materials and Methods

General Information
Unless otherwise stated, all solvents were purchased from Fisher Scientific and used without further purification. Substrates and reagents were purchased from Fluorochem or Sigma Aldrich and used as received. 1 H-NMR spectra were recorded on 300 or 400 MHz instruments and are reported relative to residual solvent: CHCl 3 (δ 7.26 ppm). 13 C-NMR spectra were recorded on the same instruments (100 MHz) and are reported relative to CHCl 3 (δ 77.16 ppm). Data for 1 H-NMR are reported as follows: chemical shift (δ/ppm) (integration, multiplicity, coupling constant (Hz)). Multiplicities are reported as follows: s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, m = multiplet, br. s = broad singlet, app = apparent. Data for 13 C-NMR are reported in terms of chemical shift (δ/ppm) and multiplicity (C, CH, CH 2 or CH 3 ). DEPT-135, COSY, HSQC, HMBC and NOESY experiments were used in the structural assignment. IR spectra were obtained by use of a Platinum spectrometer (neat, ATR sampling, Bruker, Billerica, MA, USA) with the intensities of the characteristic signals and are reported as weak (w, <20% of tallest signal), medium (m, 21-70% of tallest signal) or strong (s, >71% of tallest signal). High-resolution mass spectrometry was performed using the indicated techniques on a Micromass LCT orthogonal time-of-flight mass spectrometer (Micromass, Manchester, UK with leucine-enkephalin (Tyr-Gly-Phe-Leu) as an internal lock mass. Continuous flow experiments were performed on a Vapourtec E-series system (Vapourtec, Bury Saint Edmunds, UK) in conjunction with Omnifit glass columns.
General Procedure for the Synthesis of Propargyl Alcohols 4a-e
To a solution of aryl iodide (10 mmol, 1.0 equiv.) in THF (10 mL, 1.0 M) was added 2-propyn-1-ol (1.24 mL, 1.2 equiv.), diisopropylamine (1.68 mL, 1.2 equiv.), PdCl 2 (PPh 3 ) 2 (0.3 mmol, 3 mol%) and CuI (0.5 mmol, 5 mol%). The resulting solution changed colour from yellow to orange and finally brown in two minutes. The reaction mixture was heated at 50 • C and stirred until complete consumption of the aryl iodide was observed (tlc, 2 h). After filtering the crude material over a pad of silica (5 g) and evaporation of the solvent the crude material ( 1 H-NMR) was purified by silica column chromatography (eluent 10% EtOAc in pentanes, Rf = 0.41). After removal of the volatiles, the desired hydroxyl product was typically isolated as yellow oil with a purity > 98% (by 1 H-NMR) and was used directly in the next step. Copies of NMR spectra are provided in the electronic Supplementary Materials.
General Procedure for the Synthesis of Propargyl Azides 5a-e
A flow set-up was constructed in which a first stream containing DPPA (2 M, THF, 2 equiv.) was mixed with a stream containing the substrate (4a-e, 1 M, THF, 1 equiv.) and DBU (1.3 equiv.). Each stream was pumped at a flow rate of 0.15 mL/min and blended in a T-piece. The resulting mixture was passed into a tubular flow coil (10 mL, PFA, 60 • C,~30 min residence time) to affect the azidation reaction. The exiting stream was directed through an Omnifit glass column (10 cm x 1.0 cm i.d., ambient temperature) containing a mixture of washed scavenger resins (A21 and A15,~1:1 ratio, 3 equiv. each) to remove acidic and basic by-products. After passing a back-pressure regulator (75 psi) the product was collected in a flask. Purification was achieved by silica column chromatography (2-5% EtOAc/hexanes) giving the desired products typically as oils.
General Procedure for the Synthesis of Propargyl Amines 2a-e
To realise the Staudinger reduction step in a telescoped flow process, the purified stream of the intermediate azide solution (see above) was combined in a T-piece with a stream of triphenylphosphine (2 equiv.) in aqueous THF (THF/water, 9:1) at equal flow rates of 0.3 mL/min. The resulting mixture then entered two consecutive flow coils (PFA, 10 mL each, 60 • C, residence time~33 min) before passing a back-pressure regulator (75 psi) and collection in a flask. After evaporation of the volatiles, the crude mixture was partitioned between DCM (2 × 25 mL) and aqueous HCl (1 M). After discarding the organic phase, the pH of the aqueous layer was adjusted to 8-9 and the mixture was extracted with DCM (2 × 25 mL). The combined organic extracts were dried over anhydrous sodium sulfate, filtered and evaporated in vacuo giving the desired products either as oils or amorphous solids.
General Procedure for the Synthesis of Thiazolines 13a-e
To a solution of the amine 2a-e (1 equiv.) in MeCN (0.5 M) was added a stoichiometric amount of aryl isothiocyanate. The resulting mixture was stirred at 50 • C for 30 min before addition of acid (TFA or HCl, 1 equiv.). Once complete consumption of substrates to a new product was observed by tlc (0.5-1 h), the pH was adjusted to 7 by addition of Na 2 CO 3 (sat. aqueous). After evaporation of volatiles under reduced pressure, the crude material was triturated from mixtures of MeCN and water (4:1). Alternatively, silica column chromatography (5-20% EtOAc/hexanes was used to obtain pure thiazoline products as amorphous solids that can be recrystallized to grow single crystals (MeOH/DCM). 
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Conclusions
In conclusion, we have developed a straightforward access to valuable propargylic amines that exploits a telescoped continuous flow approach. This sequence features the safe use of DPPA as the azide source for converting propargylic alcohols into the intermediate azide counterparts. A Staudinger reduction process was used as part of the same sequence to yield the desired propargylic amine species in good yield and purity. Final optimization of this telescoped flow sequence furthermore led to using the more sustainable 2-MeTHF as solvent as opposed to THF and included an in-line extractive work-up. The value of generating these amine products on demand was demonstrated in their effective transformation into drug-like thiazolines, whose correct structural assignment was accomplished by means of a set of single crystal X-ray structures. We believe that this effective entry into propargylic amines will facilitate their further exploitation in future synthesis programs yielding valuable chemical entities.
Supplementary Materials:
The following are available online: 1 H and 13 C-NMR spectra of products where an isolated yield is reported. 
